Airborne nanometre-sized pollutants are responsible for various respiratory diseases. Such pollutants can reach the gas-exchange surface in the alveoli, which is lined with a monolayer of lung surfactant. The relationship between physiological effects of pollutants and molecular-level interactions is largely unknown. Here, we determine the effects of carbon nanoparticles on the properties of a model of lung monolayer using molecular simulations. We simulate phase-separated lipid monolayers in the presence of a model pollutant nanoparticle, C 60 fullerene. In the absence of nanoparticles, the monolayers collapse only at very low surface tensions (around 0 mN m
Introduction
Air pollution is a growing concern for public health. Airborne pollutants have been shown to be responsible for cardiovascular and respiratory diseases [1] [2] [3] . So-called ultrafine particles-with a diameter smaller than 100 nm-cause most of the diseases associated with air pollution; most of these particles originate from incomplete combustion of fossil fuels and therefore they consist largely of carbon. Contrary to bigger particles, which get stuck in the upper respiratory ways, nanometre-sized particles can reach the gas-exchange surface in the alveoli [1] , which is lined with a monolayer of lung surfactant [4] . Lung surfactant monolayers consist of different types of phospholipids, cholesterol and surfactant proteins [5] . Their main physiological function is to reduce the surface tension at the air-liquid interface, preventing alveolar collapse and reducing the work needed for breathing. The effect of nanoparticles in vivo depends on nanoparticle chemical and physical properties and on nanoparticle interaction with lung membranes, but the relationship between physiological effects and molecular-level interactions is largely unknown.
Analogous to cell membranes [6] , lung monolayer membranes are laterally heterogeneous, with more rigid domains (consisting mostly of saturated lipids and cholesterol) and more fluid domains (consisting mostly of unsaturated lipids) [7, 8] . During exhalation, the size of the alveoli is reduced, and their diameter can drop from 250 to 160 mm [9] . At high compression, the interfacial monolayers bend and form bilayers in the water phase-a phenomenon named monolayer collapse that has been observed both experimentally [8,10 -12] and in simulations of model systems [13] . It is possible that physiological effects of nanoparticles stem from alterations of lung monolayer properties, for example the lateral organization or the mechanism of monolayer collapse. To test this hypothesis, we performed molecular dynamics simulations of phase-separated monolayers with and without a model pollutant nanoparticle. We chose C 60 fullerene as a simple model for hydrophobic nano-sized air pollutant. Simulations of lipid monolayers in the presence of fullerene have been reported & 2015 The Author(s) Published by the Royal Society. All rights reserved.
before [14] , but only homogeneous (single lipid) monolayers were examined, and the effect of nanoparticles on monolayer collapse has never been explored in simulations before. We performed simulations at different levels of compression of a laterally heterogeneous monolayer. From the simulations, we determined both the collapse pressure and the mechanism of collapse, in the presence and in the absence of pollutant.
Material and methods
Our simulation system consisted of two lipid monolayers bounding a water slab (figure 1a). The monolayers contained a saturated lipid (dipalmitoylphosphatidylcholine, DPPC), an unsaturated lipid (dioleoylphosphatidylcholine, DOPC) and cholesterol. We used two different lipid compositions, with DPPC : DOPC : cholesterol molar ratio of 5 : 3 : 4 (2304 lipids per monolayer) or 5 : 3 : 2 (1920 lipids per monolayer). The number of water particles was 45 735 for all simulations with no monolayer collapse, and up to 184 000 in simulations with monolayer collapse (see Results). Fullerene molecules were placed in the vapour phase, in contact with the lipid tails, symmetrically distributed between the two monolayers (figure 1d), at two different concentrations: 3 and 10% (fullerene/lipid molar fraction). A complete list of the simulations performed is reported in table 1.
We used the MARTINI coarse-grained force field [15] [16] [17] for all simulations, with standard parameters for non-bonded interactions (cut-off of 1.2 nm, Lennard-Jones interactions shifted from 0.9 nm, Coulomb interactions shifted starting from 0 nm). The model for DOPC was modified as reported by Baoukina et al. [18] . It has been shown before that the MARTINI model cannot reproduce accurately the properties of lipid monolayers at low compression (i.e. high surface tension) while it can be used to explore the behaviour of monolayers at high compression (i.e. low surface tension) [19, 20] . In fact, the MARTINI model has successfully been used to characterize lipid monolayer collapse upon compression [13] , as well as phase coexistence in monolayer at surface tensions up to 30 mN m 21 [18] . For fullerene, we used the MARTINI model developed by Monticelli [21, 22] , which has been previously used to study fullerene aggregation in lipid bilayers and alkanes [23] , and the effect of fullerene on phase separation in heterogeneous membranes [24] .
We carried out the simulations at a constant temperature of 290 K, using the Bussi-Donadio-Parrinello thermostat [25] (t T ¼ 1 ps) and constant surface tension, using the Berendsen algorithm [26] (t P ¼ 5 ps, compressibility ¼ 5 Â 10 25 bar
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). The size of the box in the direction of the monolayer normal was fixed. The analysis of lipid order parameters was carried out with in-house software (available free of charge at http://perso.ibcp.fr/luca. monticelli/; see [27] ). Uncertainties were calculated using a block averaging procedure [28] . Then we compressed the monolayers to zero surface tension and observed monolayer collapse within a few tens of nanoseconds. The mechanism of collapse was similar to the one described by Baoukina et al. [13] on laterally homogeneous systems: the monolayer first buckled; then, it collapsed forming a bilayer in the aqueous phase; finally, the bilayer formed a semi-vesicle attached to the monolayer. Again, all systems remained phase-separated throughout the simulations. In all systems, the collapse started in the L d phase. About 30 ns after the beginning of the collapse, all the L d phase formed a bilayer in the water phase, and the monolayer at the liquidvapour interface consisted almost exclusively of the L o phase. The reproducibility of the mechanism of collapse was verified by repeating the simulations three times with different initial velocities. Our findings match very well the description of the mechanism of collapse of heterogeneous lipid monolayers recently reported by Baoukina et al. [29] , with the collapse always starting in the L d phase.
Results
A mechanism of collapse with unsaturated lipids being squeezed out of the interface has been hypothesized for over three decades [30] . A number of experiments clearly support (at least partial) exclusion of unsaturated lipids from the interfacial monolayer upon collapse, and subsequent enrichment in unsaturated lipids in the collapsed bilayers [31] [32] [33] . Yet, other experimental results contradict this hypothesis [34] [35] [36] . Our simulations are consistent with preferential transfer of the L d phase to the collapsed bilayers.
Then we repeated the simulations in the presence of fullerene, using a concentration of 3 or 10% (molar fraction with respect to the lipids), and the same surface tensions as in the absence of fullerene (5, proximity to the lipid acyl chains and were equally spaced, and therefore equally distributed between the L o and L d phase. All fullerenes permeated the monolayers very rapidly (nanosecond time scale) and remained in contact with the lipids throughout the simulations, avoiding both the water and the vapour phase. While in the lipid phase, fullerene aggregation was rather limited, and only small clusters were formed-as also observed previously in lipid bilayer systems [21, 23] . Fullerene molecules redistributed preferentially to the L d phase on a time scale of a few microseconds. To quantify fullerene lateral distribution in our monolayer systems, we calculated the fullerene-DOPC contact fraction (i.e. the fraction of contacts made by fullerene with DOPC over the contacts made by fullerene with all phospholipids). At the beginning of the simulations, the fullerene-DOPC contact fraction was close to 0.37, which is the value expected for ideal mixing (0.37 being equal to the molar fraction of DOPC). Within about 4 ms, the fullerene-DOPC contact fraction converged to values higher than 0.7, independently of surface tension, fullerene concentration and cholesterol concentration (electronic supplementary material, figure S1 ). Strong preferential partitioning of fullerene (and other aromatic compounds) to L d phases has previously been observed in lipid bilayers [24] .
Unlike fullerene, cholesterol distributed mainly in the L o phase. Remarkably, cholesterol distribution was significantly affected by fullerene: for each given surface tension, the cholesterol-DOPC contact fraction decreased with increasing fullerene concentrations. In other words, fullerene appeared to exclude cholesterol from the L d phase, in line with previous findings in lipid bilayers [24] .
The most striking effect of fullerene was related to monolayer collapse. In the absence of fullerene, monolayer collapse was observed only at a surface tension of 0 mN m
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, corresponding to very high lateral pressure. With 3% fullerene concentration, the monolayer collapsed already at a surface tension of 5 mN m 21 (and obviously also at lower surface tensions, i.e. higher lateral pressures). With 10% fullerene concentration, the monolayer collapsed at even higher surface tension, 10 mN m 21 ( figure 1f) . Again, simulations were repeated three times to guarantee the reproducibility of the results. We conclude that fullerene destabilizes lipid monolayers and promotes their collapse in the water phase. To understand the molecular-level causes of monolayer destabilization by fullerene, we analysed the effect of fullerene on membrane properties. First, we examined the monolayer lateral organization, and did not observe any major change within the simulation time (5 ms). Yet, analysis of lipid-lipid contacts showed that convergence requires simulations on longer time scales; therefore, an effect of the nanoparticles on lipid domains cannot be excluded.
We then examined nanoparticle distribution, lipid ordering and orientation, and the monolayer compressibility modulus. Fullerene partitioned preferentially to the L d phase, both before and after monolayer collapse. Therefore, one would expect an effect of fullerene on the properties of the L d phase, for instance on lipid ordering. Contrary to intuition, fullerene had very little influence on the order of unsaturated lipid at high surface tension (30 mN m   21 ), and no effect at all at surface tension of 20 mN m 21 or less (figure 2; electronic supplementary material, figure S2 ). Instead, fullerene did affect ordering of saturated lipid chains. At a surface tension of 20 mN m 21 , the average order parameter of bonds in the DPPC acyl chains decreased from 0.78 (in the absence of fullerene) to 0.74 (10% fullerene). The end of the tails, at the lipid-vapour interface, was especially affected (figure 2). In the presence of fullerene, saturated lipids tended to tilt more with respect to the membrane normal (electronic supplementary material, figure S3 ). Nevertheless, we did not find a direct correlation between local lipid tilt and proximity to a fullerene molecule.
Finally, we calculated the area compressibility modulus, K A , of the monolayers from the fluctuations of monolayer area, as: is its variance. For both monolayer compositions, we found that the compressibility modulus decreased with increasing fullerene concentration (figure 2), indicating that the nanoparticles decreased the mechanical rigidity of the monolayersanalogous to previous observations in lipid bilayers [21] .
Outlook
Lipophilic nano-sized particles can partition into lipid monolayer membranes and alter their physical properties. Here, we show that pure carbon nanoparticles promote monolayer collapse by perturbing the ordering of lipid tails and decreasing the rigidity of the monolayer. As discussed in [29] , the stability of lipid monolayers is enhanced in simulations (compared to experiments), so we do not expect that the surface tensions required for monolayer collapse in the simulations (i.e. the minimum surface tensions) match experimental values; yet, we expect that simulations reproduce correctly the trend of minimum surface tension versus monolayer composition [29] , including the effect of nanoparticles embedded in or adsorbed onto monolayers.
Simulations reported here do not allow us to tell whether the size, the shape or the hydrophobicity of the nanoparticle is a requirement to reduce monolayer stability. Also, it is difficult to compare the quantity of nanoparticles used in our simulations with real-world nanoparticle exposure data: for airborne pollutants, exposure is usually reported as mass of pollutant per volume of air for a given exposure time, which is difficult to correlate with the actual quantity of pollutant deposited on lung membranes. In some experiments, nanoparticle suspensions were instilled intratracheally into mice [37, 38] or rats [39] . In those cases, assuming that all nanoparticles deposit on lung membranes and knowing approximately the surface area of mice lungs [40] , one can estimate the exposure in terms of mass of the nanoparticles per unit of lung membrane surface, or in terms of total nanoparticle surface over lung membrane surface. Considering the first metric, the exposure used in our simulations is about one order of magnitude less than in the experiments above (150-500 mg m 22 in our simulations, versus 1200-6000 mg m 22 in [37, 38] ), while the second metric suggests approximately equivalent exposure (the surface area of monomeric C 60 fullerene is approximately one order of magnitude larger than the surface area of soot and ultrafine particles [37] ). The nanoparticle concentrations in our simulations are therefore comparable to the ones used in vivo on mice. Our model monolayers feature a composition simpler than lung surfactant membranes, yet they do contain the main components of lung surfactant (saturated phospholipids, unsaturated phospholipids and cholesterol) and show a complex lateral organization, similar to the one observed in lung surfactant extracts. Therefore, it is likely that carbon nanoparticles will affect the properties of lung surfactant membranes in a similar way, reducing monolayer rigidity and decreasing monolayer collapse pressure (i.e. increasing the minimum surface tension attainable by the monolayer), both in vitro and in vivo. While the precise mechanism of action of airborne carbon-based pollutants in vivo remains unclear, our simulations suggest that the effects of such particles on health may be mediated by alterations in the mechanical properties of lung surfactant.
Data accessibility. Supporting information available: additional figures, available free of charge via the Internet. Starting structure files, topologies and simulation parameters are available via Figshare (http:// dx.doi.org/10.6084/m9.figshare.1241506).
